Automated MRI-derived measurements of in-vivo human brain volumes provide novel insights into normal and abnormal neuroanatomy, but little is known about measurement reliability. Here we assess the impact of image acquisition variables (scan session, MRI sequence, scanner upgrade, vendor and field strengths), FreeSurfer segmentation pre-processing variables (image averaging, B1 field inhomogeneity correction) and segmentation analysis variables (probabilistic atlas) on resultant image segmentation volumes from older (n = 15, mean age 69.5) and younger (both n = 5, mean ages 34 and 36.5) healthy subjects. The variability between hippocampal, thalamic, caudate, putamen, lateral ventricular and total intracranial volume measures across sessions on the same scanner on different days is less than 4.3% for the older group and less than 2.3% for the younger group. Within-scanner measurements are remarkably reliable across scan sessions, being minimally affected by averaging of multiple acquisitions, B1 correction, acquisition sequence (MPRAGE vs. multi-echo-FLASH), major scanner upgrades (Sonata-Avanto, Trio-TrioTIM), and segmentation atlas (MPRAGE or multi-echo-FLASH). Volume measurements across platforms (Siemens Sonata vs. GE Signa) and field strengths (1.5 T vs. 3 T) result in a volume difference bias but with a comparable variance as that measured within-scanner, implying that multi-site studies may not necessarily require a much larger sample to detect a specific effect. These results suggest that volumes derived from automated segmentation of T1-weighted structural images are reliable measures within the same scanner platform, even after upgrades; however, combining data across platform and across field-strength introduces a bias that should be considered in the design of multi-site studies, such as clinical drug trials. The results derived from the young groups (scanner upgrade effects and B1 inhomogeneity correction effects) should be considered as preliminary and in need for further validation with a larger dataset.
Introduction
Techniques that enable the in vivo MRI-derived quantitative characterization of the human brain, such as subcortical brain volumes (including for this purpose the archicortical hippocampal formation and the ventricular system), are beginning to demonstrate important potential applications in basic and clinical neuroscience. Alterations in subcortical brain volumes are manifested in normal aging (Mueller et al., 2007; Jack et al., 2005; Szentkuti et al., 2004 ), Alzheimer's disease (Kantarci and Jack, 2004; Anstey and Maller, 2003) , Huntington's disease (Douaud et al., 2006; Peinemann et al., 2005 , Kipps et al., 2005 Kassubek et al., 2005; Kassube et al., 2004; Rosas et al., 2003; Thieben et al., 2002) , and schizophrenia Koo et al., 2006; Kuroki et al.; , Shenton et al., 2001 ). Cross-sectional and longitudinal imaging-based biomarkers of disease will likely be of great utility in better understanding brain disorders and in evaluating therapeutic efficacy (Dickerson and Sperling, 2005; DeKosky and Marek, 2003) .
The accurate and reliable measurement of subcortical brain volumes from MRI data is a non-trivial task. Manual measurements are difficult and time consuming. It can take a trained anatomist several days to manually label a single high-resolution set of structural MR brain images. In addition, manual measurements are susceptible to rater bias. To facilitate efficient, operator-independent subcortical region-of-interest (ROI) quantification, several automated and semiautomated algorithms have been proposed, including atlas-based methods (Haller et al., 1997; Collins et al., 1999 , Fischl et al., 2002 Magnotta et al., 2002; Fischl et al., 2004; Alemán-Gómez et al., 2007) , voxel-based morphometry using Statistical Parametric Mapping (Ashburner and Friston, 2000) , tensor-based morphometry (Studholme et al., 2001; Leow et al., 2005 ) and boundary shift integral methods (Smith et al., 2002a,b; Camara et al., 2007; Barnes et al., 2007; Anderson et al., 2007) .
Although the accuracy validation of automated segmentation methods has been performed against regional manual measurements derived from both in vivo and post-mortem brain scans Dale, 2000, Fischl et al., 2002) , the influence of image acquisition and data analyses parameters on the reliability of the derived measures has received relatively little systematic investigation (Leow et al., 2006; Ewers et al., 2006 , Smith et al., 2002a . Furthermore, the measurement of reliability also provides a means for assessing the impact of measurement error on sample size requirements. Defining the reliability of subcortical morphometric methods is therefore important.
Reliability in MRI-derived automated morphometric measures can be influenced by several sources of variance, including subject-related factors, such as hydration status (Walters et al., 2001) , instrumentrelated factors, such as field strength, scanner manufacturer, imaging magnetic gradients , pulse sequence, and data processing-related factors, including not only software package and version but also the parameters chosen for analysis (Senjem et al., 2005; Han et al., 2006) . All of these factors may affect the ability to detect morphometric differences between groups in typical crosssectional studies (e.g., morphometric differences between two subject groups, where each subject is scanned once and all subjects are scanned on the same scanner). Longitudinal studies of normal development, aging, or disease progression face additional challenges associated with both subject-related factors as well as instrumentrelated factors (e.g., major scanner upgrades, across-session system instabilities). For studies that combine data acquired from multiple sites it is critical to understand and adjust for instrument-related differences between sites, such as scanner manufacturer, field strength, and other hardware components. Thus, detailed quantitative data regarding the degree to which each of the factors outlined above contributes to variability in morphometric measures would be helpful for both study design and interpretation. Recent publications discuss such studies with regard to the reproducibility of cortical thickness measures and tensor based-morphometry (Leow et al., 2006) .
The goal of the present study is to extend the work from Han et al. (2006) by adding a new dataset and focusing the analysis on the evaluation of the test-retest reliability of subcortical volume measurements (as opposed to cortical thickness reproducibility) in the context of mapping brain morphometry changes using the FreeSurfer software package, which is an automated method for full brain segmentation (Fischl et al., 2002 (Fischl et al., , 2004 . To keep a manageable number of variables this study uses a constant segmentation method (FreeSurfer). Comparisons with other subcortical volume measurement methods have been recently reported (Pengas et al., 2009; Tae et al., 2009) and are beyond the scope of this work. We study a group of 15 older healthy subjects (older than 65, Han et al., 2006) to assess anatomic variability related to atrophy and age-related MRI signal changes. Each subject was scanned four times (twice in a Siemens Sonata 1.5 T, once in a GE Signa 1.5 T and once in a Siemens Trio 3 T) using the same protocol in separate sessions within a time period of 2 weeks, to include both subject hydration and scanner variability effects. We also study two smaller groups of 5 young subjects (mean ages 34 and 36.5) to investigate reproducibility effects across major scanner upgrades (Siemens Sonata to Avanto, Han et al. (2006) and Siemens Trio to Tim Trio, new dataset), with two separate acquisitions before and after the upgrade. Each dataset is treated independently to derive the volume of various brain structures (hippocampus, thalamus, caudate, putamen, pallidum, amygdala, lateral ventricles, inferior lateral ventricles, intracranial), which for summary purposes will be referred to as 'subcortical structures' when not defined explicitly. We study how subcortical volume reproducibility depends on MRI acquisition sequences, scanner upgrade, data pre-processing, segmentation analyses methods, MRI system vendor and field strength.
Materials and methods

MRI data acquisition and subject groups
We acquired and analyzed three datasets to characterize how reliability of subcortical volume estimation is affected by various image acquisition parameters (see Table 1 for summary), by preprocessing choices (data averaging and B1 inhomogeneity correction) and by segmentation analysis methods (choice of probabilistic atlas). All participants were healthy volunteers with no history of major psychiatric, neurological or cognitive impairment, and provided written informed consent in accordance with the Human Research Committee of Massachusetts General Hospital. For all subject groups the scans were randomized over days over a period of approximately 2 months.
Dataset 1
This dataset, previously used in Han et al. (2006) to study cortical thickness reproducibility, was analyzed to evaluate how the reliability of subcortical volume estimates in older healthy subjects depends on T1-weighted MRI acquisition sequence (MPRAGE and multi-echo FLASH), scan session, data averaging, segmentation atlas, scanner platform and field strength.
Fifteen healthy older subjects participated in this dataset (age between 66-81 years; mean: 69.5 years; std: 4.8 years). Each subject underwent 4 scan sessions at approximately two-week intervals, including two sessions on a Siemens 1.5 T Sonata scanner (Siemens Medical Solutions, Erlangen, Germany), one on a Siemens 3 T Trio scanner, and one on a GE 1.5 T Signa scanner (General Electric, Milwaukee, WI). The Siemens scanners are located at the Martinos Center for Biomedical Imaging at Massachusetts General Hospital, and the GE scanner is located at the Brigham and Women's Hospital.
In each Siemens scan session, the acquisition included two MPRAGE volumes (bandwidth = 190 Hz/pixel, flip angle = 7°, TR/TE/ TI= 2.73 s/3.44 ms/1 s), and two multi-echo multi flip angle (30°and 5°) fast low-angle shot (FLASH) volumes (bandwidth = 651 Hz/pixel, TR=20 ms, TE=(1.8 +1.82 ⁎n) ms, n=0, …,7). In each GE scan session, a custom MPRAGE sequence was programmed with parameters as similar as possible, and two volumes were acquired. The total scanning time for each MPRAGE and each multi-echo FLASH (MEF) volume was roughly the same and about 9 min. All structural scans were 3D sagittal acquisitions with 128 contiguous slices (imaging matrix = 256 × 192, in-plane resolution = 1 × 1 mm 2 , and slice thickness=1.33 mm). In each Siemens session, the acquisitions were automatically aligned to a standardized anatomical atlas to ensure consistent slice prescription across scans Benner et al., 2006) .
Dataset 2
This dataset, previously used in Han et al. (2006) to study cortical thickness reproducibility, was analyzed to evaluate how a 1.5 T MRI system upgrade (Siemens Sonata to Avanto) affects the reproducibility of subcortical volume estimates. This dataset is also used to compare the reproducibility between the young and older groups.
Five healthy volunteers (age between 29 and 37 years; mean: 34 years; std.: 3 years) were each scanned in four sessions, two before and two after an MRI scanner upgrade (within 1 week for the repeated scans on the same scanner, and the total time span is about 6 weeks). The upgrade was from a Siemens Magnetom Sonata to a Magnetom Avanto, which included the following major changes: a) main magnet (both are 1.5 T, Avanto's length is 150 cm, Sonata's is 160 cm), (b) gradient system (Avanto coils are more linear, Sonata 40 mT/m @ 200 T/m/s, Avanto 45 mT/m @ 200 T/m/s), c) head RF coil (circularly polarized on Sonata, 12 channels in Avanto), and d) software upgrade.
The acquisition protocol before and after upgrade was kept the same and consisted of two sets of 3D acquisitions: two MPRAGE and two multi-echo FLASH scans, with the same parameters as used in Group 1. The head RF coil set-ups are different: circularly polarized for Sonata, and 12-channel for Avanto (used in 4 channel mode). Also, for both platforms brains were automatically aligned to an atlas in each scanning session for setting the slice prescription in approximately AC-PC orientation Benner et al., 2006) .
Dataset 3
This dataset, an extension to Han et al. (2006) , was acquired and analyzed to evaluate how a 3 T MRI system upgrade (Siemens Trio to Tim Trio) affects the reproducibility of subcortical volume estimates. This is a major hardware and software upgrade, similar to the one described above, where essentially the only thing that does not change across the upgrade is the main static magnet.
Five healthy volunteers (age between 30 and 40 years; mean: 36.5 years; std.: 3 years) were each scanned in four sessions, two before and two after the upgrade. The MPRAGE data acquisition protocol was essentially the same as for Dataset 2; no MEF data was collected. The vendor's birdcage head RF coil was used for both preand post-upgrade scans.
Measures of brain structure volumes
Segmentation of brain structures from T1-weighted 3D structural MRI data and estimation of structure volumes was performed using the FreeSurfer toolkit, which is freely available to the research community (http://surfer.nmr.mgh.harvard.edu/). This suite of methods uses a probabilistic brain atlas of choice, which was initially proposed in 2002 (Fischl et al., 2002) , and has undergone several important improvements over the years (Fischl et al., 2004; Han et al., 2006) . With these updates, the current subcortical segmentation method is fully automated and has been recently described for application with MPRAGE and MEF data, using specific atlases for each of these image acquisition protocols . Briefly regarding MEF, each multi-echo FLASH acquisition gives 8 image brain volumes (one volume for each gradient echo). The 16 volumes that are available from the 30°and the 5°MEF acquisitions are combined using a weighted linear average approach to create a single T1-weighted volume . The combination of the data is obtained by applying a linear discriminant analysis technique in order to find an optimal set of weights (a projection vector) such that the weighted average volume has the best contrast to noise ratio between white and gray matter.
The procedure automatically labels each voxel in the brain as one of 40 structures (Fischl et al., 2002) . Here we focus on only a subset of them which are of interest in neurodegenerative diseases and are by far the largest in volume: hippocampal formation, amygdala, caudate nucleus (caudate), putamen, globus pallidus (pallidum), thalamus, lateral ventricles, inferior lateral ventricles and total intracranial volume. For each of these structures (except the intracranial volume) the right and left hemisphere volumes are estimated separately. Reproducibility errors in cortical surface structures have been previously discussed in a separate manuscript .
The segmentation atlas used for the automated full brain FreeSurfer segmentation was generated from the following subjects: healthy young (10, 6 females, age 21 ± 2 years), healthy middle age (10, 6 females, age 50 ± 6 years), healthy old (8, 7 females, age 74 ± 7 years), demented old (11, 6 females, age 77 ± 6 years). The atlas demographics' covers well the demographics of the three datasets considered in this work (summarized in Table 1 ) so it is not expected to bias the segmentation results.
All data was visually inspected for quality assurance prior to analyses. All data was analyzed using the same and latest public FreeSurfer software version (4.0). No manual edits were done, the segmentation results were inspected visually prior to the volume analysis. 
Measures of volume reliability
We examined the test-retest reliability of volume estimates under two general conditions: when the volumes compared are derived from repeated identical acquisitions and analyses methods (i.e., volume repeatability, for example across scan sessions) and when the volumes compared are derived from different acquisition or analysis methods (i.e., volume agreement, for example across different scanners). For both assessments we used a Bland-Altman analysis (Bland and Altman, 1986) . In short, for each pair-wise comparison of volumes (repeatability or agreement), the volume differences are plotted (y-axis) against the volume means (x-axis) for each subject. From this we obtain two metrics, each with its 95% confidence interval: the mean volume difference (±t n − 1 SD root(1/ n), where t n − 1 is the t-statistics for a two-tailed test with 95% power and n − 1 degrees freedom) and the limits of agreement (2 SD ± t n − 1 SD root(3/n)) of the volume differences (SD: standard deviation of the differences, n: number of subjects, Bland and Altman, 1986) . The plots show the spread of data, the mean difference and the limits of agreement. For excellent reproducibility the mean difference should be ideally zero with a narrow distribution of data around zero across the range of volume measurements. These two metrics (with their 95% confidence interval) summarize the reliability of a comparison for each structure and are then used to compare test-retest reliability across different conditions (next section). An improvement in testretest reliability will be detected as a significant reduction of the mean volume difference and/or as a significant reduction of the standard deviation of the volume differences. The significance test across conditions is done using a t-test (two-tailed, p b 0.05).
To investigate the sensitivity of our results to the number of subjects, a Jacknife method was used to estimate the bias in the confidence interval of the volume reproducibility due to the number of subjects used (Efron and Tibshirani, 1993) . In other words, we estimate how sensitive the confidence interval of the mean reproducibility is to the number of subjects used by comparing the group confidence interval with the mean confidence interval when one subject is left out. The confidence interval for the group of n subjects is CI group = t n − 1 ⁎ SD group / ( n − 1 ), SD group is the standard deviation of the reproducibility within the group. In the Jacknife analysis, one at a time each subject is left out and the confidence interval is calculated from the set of n − 1 remaining subjects. For example, when subject j is left out, confidence interval is CI j = t n − 2 ⁎ SD j / (n − 2), where SD j is the standard deviation of the reproducibility without including subject j. The bias is then estimated as:
This method gives a non parametrical estimate of bias (i.e. no assumptions on the probabilistic distribution of the volumes and hence reproducibility test statistics is used).
Investigation of variables that affect test-retest volume reliability
There are several factors that may affect the test-retest reliability of subcortical volumes segmented from structural MRI data acquired at a single site. These factors include the scan session specific variables such as subject positioning, shim settings, hydration status, etc…, the choice of image acquisition sequence, data analysis methods (which sometimes may be related to specific additional acquisitions for correction purposes) and unavoidable system hardware upgrades. First we considered the situation that is expected to give the best reproducibility (i.e., multiple scans acquired within the same scan session) with standard processing and no other corrections. This within-session reproducibility was used as best case scenario reference when exploring the effects of the other variability factors, namely, brain segmentation pre-processing (data averaging, correction of intensity inhomogeneities), image acquisition sequence (MPRAGE, MEF), choice of brain atlas for the segmentation, and MRI system upgrades (Sonata-Avanto). Finally, we looked at volume reproducibility effects when using data derived from different MRI system vendors (Siemens vs. GE at 1.5 T) and different field strengths (1.5 T vs. 3 T).
Effect of scan session on test-retest subcortical volume reproducibility
The best possible reproducibility is expected to be obtained from multiple scans acquired within the same session on young subjects (elderly subjects typically move more, and hence data is suboptimal). This situation minimizes variability in the segmentation results that could come from changes in the acquisition sequence, scanner hardware/instability and/or the subject (head position, physiology, etc.). Ideally, within and across session reproducibility should be comparable, and the interest is in investigating whether manipulations on the processing can further improve this reproducibility. We examined the test-retest repeatability of the two scans acquired within each of the two sessions (test_scan1 vs. test_scan2, retest_scan1 vs. retest_scan2), and also the other four combinations obtained across sessions (test_scan1 vs. retest_scan1, test_scan1 vs. retest_scan2, test_scan2 vs. retest_scan1 and test_scan2 vs. retest_s-can2). Subcortical volumes were derived from single MPRAGE acquisitions segmented with the standard method (MPRAGE atlas).
Effect of number of acquisitions on subcortical volume reliability
Averaging of several image acquisitions has the effect of improving tissue signal-to-noise ratio by canceling out random signal fluctuations from the subject and the MR electronics (assuming that all scans averaged have equally good quality, e.g. negligible motion artifacts). By reducing the noise in the averaged image the tissue contrast-tonoise ratio may also increase, thus improving the accuracy of the tissue segmentation algorithm and potentially the reproducibility of subcortical volumes derived from the segmentation. The cost of averaging is increased image acquisition time. An additional potential cost is that averaging may reduced image contrast due to the resampling done when the images are co-registered prior to averaging (to minimize motion effects across scans) or also if there is a differential degree of head motion during one of the two scans averaged (blurring is introduced). Here we tested whether there was a significant improvement in test-retest volume reliability for the average of two within-session acquisitions as compared to a single acquisition from the same session. The MPRAGE scans from dataset 1 (Sonata, older group, n = 15) and dataset 2 (Sonata, young group, n = 5) were used to study the effect of different number of image acquisitions on the subcortical volume reliability. For this purpose, subcortical segmentation and volume estimations were computed starting from each one of the two MPRAGE acquisitions and also from the average of the two within-session acquisitions, for each subject, for each test-retest session. The subcortical volume reliabilities, for each structure, were then compared between the case of single and averaged (which is the recommended default approach for use with FreeSurfer) acquisitions.
Effects of B1 RF inhomogeneity correction on subcortical volume reliability
Image intensity distortions from radiofrequency (RF) B1 field inhomogeneity may affect the reliability of MRI tissue segmentation (Leow et al., 2006 , Alecci et al., 2000 . To study the effect of B1 inhomogeneity we used the MPRAGE data from dataset 2 (Sonata, young group, n = 5) in which a B1 correction profile was obtained as described in Leow et al. (2006) . Briefly, the sensitivity profile of the receive RF coil was estimated by dividing an image volume obtained with the head RF coil by a corresponding image volume obtained with the body coil on a voxel-by-voxel basis. With this sensitivity profile all subsequent volumes can be corrected by dividing each voxel's intensity by the estimated sensitivity value at that location 2 . To evaluate the effects of B1 inhomogeneity correction on test-retest subcortical volume reproducibility we compared the reproducibility derived from two single MPRAGE scans on separate sessions, both scans either with or without the B1 correction. We also investigated the effects of the B1 correction when the MPRAGE scan of each session was the average of two within-session scans. In this latter case, the B1 correction was applied to each single MPRAGE scan prior to averaging. Note that this method for correcting intensity inhomogeneity from B1 imperfections only works for MRI systems in which the body RF coil is used as transmit and the head RF coil as receive. The method will not work in systems that use multichannel transmit and receive head RF coils.
Effects of MRI acquisition sequence on subcortical volume reliability
Structural 3D T1-weighted imaging protocols (typically MPRAGE) are commonly used for segmentation of cortical gray, white and subcortical gray matter structures. MEF is an attractive alternative T1-weighted method with the following advantages: A) in the multi-echo approach, the alternating gradient-echoes are acquired with opposite readout directions, resulting in less distortions related to the case in which echoes are always collected in the same direction. Standard high bandwidth MPRAGE or single echo FLASH scans could also be acquired with alternate readout directions, but this would have to be setup by hand in the protocol and is prone for operator's mistakes, while it happens automatically in MEF. Most importantly, multiple single echo acquisitions would take N times (N = number of echoes) as much acquisition time as multi-echo acquisitions to achieve the same SNR). B) Each MEF acquisition gives extra information that can be used: a T2⁎ map, and with sufficient closely-or unevenly-spaced echoes the B0 field offset can be calculated when the phase information is available. C) In the MEF approach time is used to acquire two different flip angles from which additional information can be obtained: T1 and PD tissue maps. D) The combination of the previous properties has been shown to allow for sequence-independent segmentation (Fischl et al., 2004) . Recently a new multi-echo MPRAGE sequence has been demonstrated to give improved results than the standard MPRAGE (van der Kouwe et al., 2008) .
The acquisition time of any one scan of these protocols (MPRAGE or MEF) is essentially the same (approximately 9 min) at the same resolution and with no acceleration from parallel imaging.
The effects of acquisition sequence on subcortical volumes were studied in two steps. First we used a Bland-Altman analysis to assess the within session agreement of the volumes derived from both sequences. Second we compared the across-session test-retest reproducibility of each sequence. For the comparison we kept the total acquisition time approximately constant across image sequences: subcortical volumes were derived from two averaged MPRAGE volumes and from two MEF volumes with different flip angles (Fischl et al., 2004) .
Effects of segmentation atlas choice on subcortical volume reliability
The brain probabilistic atlas used for the subcortical segmentation and volume estimation is typically defined by the same imaging acquisition method (i.e., for segmenting MPRAGE data an MPRAGE atlas is created from a different manually segmented MPRAGE dataset). Since creating the probabilistic atlas is time consuming, it would be convenient if the segmentation results did not depend strongly on image acquisition differences between the data to be segmented and the data used to build the atlas. To evaluate this, we used MPRAGE and MEF atlases derived from different manually labeled datasets (Fischl et al., 2004) to segment MPRAGE and MEF acquisitions from datasets 1 and 2. We compared the test-retest subcortical volume reliability derived from MPRAGE data segmented with MPRAGE atlas, versus the one derived from MEF data segmented with the MEF atlas and then separately with the MPRAGE atlas.
Effects of MRI system upgrades on subcortical volume reliability MRI system upgrades that involve major hardware and software changes may introduce reliability changes Jovicich et al., 2005; Czanner et al., 2006) . Measurement of these reliability effects is especially important for longitudinal studies. We used two system upgrades (dataset 2: Sonata to Avanto upgrade; dataset 3: Trio to Tim Trio upgrade) as opportunities to measure and compare the test-retest reliability of subcortical volumes before, after and across the upgrade (i.e., using as test one scan acquired before the upgrade and as retest a scan acquired after the upgrade). We also use dataset 2 to investigate how subcortical volume reliability depends on MRI sequence choice (3D T1-weighted acquisitions were MPRAGE and MEF) before and after the upgrade.
Effects of MRI vendor platform and field strength on the reproducibility of subcortical volumes
Multi-center neuroimaging studies usually have to consider combining data acquired from different MRI vendors and field strengths, which may add some variance to the data if the measures across systems are not reproducible. To study this, we used Dataset 1 to compare the subcortical volume test-retest reproducibility from two averaged MPRAGE scans derived from a single system (SonataSonata) with those from mixed systems (Siemens Sonata-GE Signa, both 1.5 T) and mixed vendors and field strengths (Siemens 1.5 T Sonata-Siemens 3.0 T Trio, GE 1.5 T Signa-Siemens 3.0 T Trio). We also used a linear regression analysis to investigate whether there are biases in the volumes derived from different systems and field strengths. The MPRAGE atlas used for all segmentations was constructed from Siemens Sonata data.
Power analysis
Statistical power calculations can help approximate the number of subjects needed to detect a percent volumetric change with a given estimation of the measurement error. In the Results section, we focus on sample-size estimates for detecting hippocampal volume effects of a hypothetical treatment that successfully slows atrophy in Alzheimer patients. Specifically, assuming that in an untreated Alzheimer's group hippocampal volume atrophy rate is approximately 4.9%/year, and with the liberal assumption that a disease modifying therapy may be able to slow it by 50% (Jack et al., 2003) , we are interested in detecting a difference between 4.9%/year (in an untreated group) vs. 2.45%/year (in a treated group) to characterize potentially clinically meaningful treatment effects. Our goal was, from the estimation of variance in hippocampus volume measures, to determine how large a sample would be needed to detect this net 2.45% effect between the two groups 1) within the same scanner with no upgrade, 2) within the same scanner after an upgrade, 3) between scanners of different manufacturers, and 4) between scanners of different field strengths. To keep the focus on the reproducibility variables of this study, the standard deviation of the measurement error was estimated from the raw hemispheric hippocampal volumes as derived from the automatic segmentation procedure, without adding any other normalizations or adjustments like for total intracranial volume, age or gender (Jack et al., 2003) . This type of sample-size determination is an important step in planning a multi-center clinical trial.
The sample-size is generally estimated by setting the chosen significance level (the probability of type I error), desired statistical power (one minus the probability of type II error), the effect size, and the standard deviation of measurement error (Cohen, 1988) . For all sample-size estimates, a significance level of 0.05 (one-sided) and a statistical power of 0.9 were assumed, as has been done previously (Jack et al., 2003) . The computation was performed using the standard formula as implemented in an online Java software algorithm developed by David A. Schoenfeld at Massachusetts General Hospital (http://hedwig.mgh.harvard.edu/sample_size/size.html). The sample size calculated in this way assumes that there are no losses in the patients followed up and that for all subjects all image pairs can be used. More conservative sample size estimations can be done as needed from the basic estimates, for example increasing the sample size by 10% for subject dropout and 10% increase for inadequate scans (Fox et al., 2000) .
Spatial reproducibility
Spatial reproducibility was examined using the co-registered testretest volumes segmented in Dataset 1 to study volume reproducibility effects with no system or sequence changes (Sonata MPRAGE: test and retest), with sequence changes (Sonata: MPRAGE and MEF), with vendor changes (1.5 T MPRAGE: Siemens Sonata and GE Signa) and with field strength changes (Siemens MPRAGE: 1.5 T and 3 T). Dice coefficients where computed for the volume overlap (van Fig. 1 . Sample color-coded subcortical segmentation results (right hemisphere only): hippocampus (yellow), thalamus (green), caudate (light blue), putamen (pink), pallidum (dark blue) and amygdala (turquoise). Top: FreeSurfer derived subcortical labels, from a two-averaged MPRAGE in axial (left), coronal (center) and sagittal (right) views. Bottom: 3D surface models created with 3D Slicer derived from the FreeSurfer subcortical segmentations. The mean subcortical values are derived from two averaged MPRAGE scans acquired in separate sessions on the same scanner with no B1 intensity inhomogeneity corrections (Siemens Sonata system for Dataset 1, Siemens Avanto for Dataset 2). The group reproducibility error for each structure is derived averaging the reproducibility errors across subjects, where for each subject the error is estimated as the absolute test-retest volume percent change relative to the mean test-retest volume. Structures with a significant mean volume difference (p b 0.01) between the old and young groups are indicated with ⁎⁎. The bias due to the limited sample sizes is estimated with a Jackknife analysis on the reproducibility confidence interval (see text for more details). Rijsbergen, 1979) . In particular, given two different labels (test and retest sessions) of a structure from the same subject, denoted by W 1 and W 2 , and a function V(W), which takes a label and returns its volume, the Dice coefficient is given by van Rijsbergen (1979):
For identical spatial labels, D(W 1 ,W 2 ) achieves its maximum value of one, with decreasing values indicating less perfect overlap. For each subject the Dice coefficients were calculated for hippocampus, thalamus, caudate, putamen, pallidum, amygdale and lateral ventricle taking an average across the right and left hemispheres. The group results where generated by averaging the Dice coefficients across subjects for each structure.
Results
We analyzed how the test-retest reliability of subcortical volumes derived from structural T1-weighted MRI data is affected by the following factors: scan session (within and across session), brain segmentation pre-processing (data averaging, correction of intensity inhomogeneities), image acquisition sequence (MPRAGE, MEF), brain segmentation analyses (brain atlas), MRI system upgrade, and MRI platform (vendor and field strength). Fig. 1 shows sample subcortical segmentation results (right hemisphere only) color coded according to structure: hippocampus (yellow), thalamus (green), caudate (light blue), putamen (pink), pallidum (dark blue) and amygdala (turquoise). The subcortical labels are generated by FreeSurfer and shown in three orthogonal views (Fig. 1a) . The corresponding surface models for each structure (Fig. 1b) are derived using the freely available 3D Slicer package (http://www.slicer.org/).
To investigate how image quality features varied as function of the main parameters manipulated the mean intensity in each ROI with the standard deviation of the voxels within the ROI were calculated (Supplementary Fig. 1 ). These intensity means and standard deviations are the signal-to-noise ratio (SNR) from a segmentation standpoint. The measures where done using the normalized images used for the final automated segmentation. Supplementary Fig. 1 has two parts: i) a sample dataset from the old group (Dataset 1) is used to show signal changes as function of vendor, field strength and pulse sequence and ii) a sample dataset from the young group (Dataset 2) is used to show signal changes as function of system upgrade and pulse sequence. For each structure right and left hemisphere intensities and standard deviations were averaged because they did not show major differences between. The main observation from these results is that for each structure there are no major differences in intensity across conditions. The results also illustrate the challenges in distinguishing structures based on signal intensity only. In particular, we found no substantial differences between 1.5 T and 3 T data. This may be due to the fact that in the 3 T data an 8-channel surface coil was used, which at the brain center gives comparable SNR to the 1.5 T birdcage coil. Table 2 lists the mean volumes of the brain structures studied for Datasets 1 and 2 with their test-retest reproducibility errors and confidence interval bias estimates. Here the reproducibility error considered is within scanner (Siemens Sonata system for Dataset 1 and Siemens Avanto for Dataset 2), across two separate scan sessions and derived from two-averaged MPRAGE scans with no B1 inhomogeneity correction. We found that the volumes of the structures in the old and young groups investigated were not significantly different except only for the lateral ventricles (two-sample t-test, p b 0.01, smaller lateral ventricle volumes for the young group). Table 2 shows the group reproducibility errors for each structure derived by averaging the reproducibility errors across subjects, where for each subject the error is estimated as the absolute test-retest volume percent change relative to the mean test-retest volume. Supplementary Fig. 2 shows the percent volume reproducibility for each structure listed in Table 2 , for both groups. Reproducibility of older subjects is denoted by star symbols, and that of younger subjects with full circle symbols. Results from each young subject are connected with reference lines to facilitate distinction with the reproducibility from the older subjects. We found that the FreeSurfer software generated consistent outcome measures for the hippocampus, thalamus, caudate, putamen, lateral ventricles and total intracranial volume with reproducibility errors 4.3% or less for the older subjects and 2.3% or less for the younger subjects. For the smaller structures (pallidum, amygdala and inferior lateral ventricles) the reproducibility errors were larger, 10.2% or less for older subjects and 10.4% or less for younger subjects. Table 2 shows also the Jacknife bias estimates of the volume reproducibility confidence interval for each structure. We found that across all structures the mean proportion of the bias to the volume reproducibility was 1.8% for the old group (n = 15) and 46% for the young group (n = 5). These results suggest that the volume reproducibility estimates from the old group have a relatively low bias and that the number of subjects used was adequate. The fewer number of subjects in the young group gave a higher bias, thus suggesting that the results derived from this group should be considered as preliminary.
Effects of scan session scan averaging and B1 correction
The goals in this study were to compare: a) within-session vs. across-session repeatability of single scans, b) single scan vs. twoaveraged repeatability across sessions, and c) the across-session repeatability with or without image intensity correction from B1 inhomogeneities. Fig. 2 shows an example of within-session volume repeatability analysis: Bland-Altman plots of mean volume difference versus mean volume for the two MPRAGE scans acquired in the test session on the group of older subjects (Siemens Sonata, n = 15). To help visualization brain hemispheres are differentiated by colors and symbols (left hemisphere: red crosses, right hemisphere: blue circles). For each hemisphere (and corresponding color) the plots show the mean difference volume (solid horizontal line) and the lower and upper boundaries of 95% confidence interval using ±2 SDs (interrupted lines) from the mean difference volume. For all structures the distribution of difference volumes is approximately symmetric around zero (black dotted reference line), with a small constant bias and with both hemispheres behaving similarly.
From Fig. 2 we can extract, for each structure, the mean difference volume and the limits of the agreement, each with its 95% confidence interval. This analysis was then extended to the other conditions: within and across session combinations as well as for the case when the two scans of each test and retest sessions are averaged and then compared across sessions. The results are summarized in Fig. 3 for all the conditions, with the mean difference volumes in blue and the limits of agreement in red (left hemisphere: crosses, right hemisphere: circles, error bars denote the 95% confidence intervals). A Fig. 3 . Effects of scan session (within session and across sessions) and data averaging on volume repeatability in the older group (MPRAGE acquisitions, Siemens Sonata, n = 15). Bland-Altman results of mean volume difference (blue) and limits of agreement (red) for both brain hemispheres (left: crosses, right: circles) are shown with their respective 95% confidence intervals for the various repeatability conditions: test session, (1: variability across the two acquisitions); retest session (2: variability across the two acquisitions); single acquisition data mixed from the test-retest sessions (3: first test with first retest acquisitions; 4: first test with second retest acquisitions; 5: second test with first retest acquisition and 6: second test with second retest acquisitions); and average scans from each session (7: two test scans averaged with two retest scans averaged). Black dotted lines connect the volume differences and the limits of agreement across conditions. black dotted line connects each of the mean difference volume and limits of agreement across conditions to facilitate the visualization of changes of the two metrics across conditions. As can be seen, neither the volume differences nor the limits of agreement change significantly across conditions, indicating that within-session reproducibility is maintained across sessions and not significantly improved when two scans are averaged in the older group. Similar results were obtained for the younger group (Fig. 4, dataset 2 , Sonata, n = 5). For the young group we also assessed the effects of correction of B1 image intensity inhomogeneities (B1 correction applied to each single MPRAGE prior to averaging within each session), which gave no reproducibility changes.
Effects of image acquisition sequence and probabilistic segmentation atlas
The goals in this study were twofold: a) assess within-session agreement of volumes derived from MPRAGE and MEF acquisitions, and b) compare the across-session test-retest repeatability of the two sequences. MEF segmentations were computed using both the MEF atlas and the MPRAGE atlas. Fig. 5 shows the Bland-Altman agreement results between the subcortical volumes derived from two averaged MPRAGE scans and those derived from the two-flip angle MEF scans (both segmentations using the MPRAGE atlas, older group, n = 15, Sonata), both sequences acquired within the same scan session. Similar results where obtained if the MEF atlas was used to segment the MEF acquisitions. For some structures there is a clear offset from zero in the mean volume differences (putamen, lateral ventricles, inferior lateral ventricles and intracranial). For some of these structures (e.g. putamen and inferior lateral ventricles) there seemed to be a systematic linear relationship between the difference volumes and the mean volumes across the measurement range. To investigate this we made linear regression fits for each brain structure grouping the data from both hemispheres and calculated the slopes, which are unitless because both axes have mm The effects of the estimated slopes are relatively small when considering the measurement range and the overall variability. The mean difference volume was taken as the mean across the range of measurements ignoring the slope, which will give an overestimation of the limits of agreement for the structures with the biggest slopes (putamen and inferior lateral ventricles, slope approximately 0.2). Fig. 6 shows the within-session agreement results between MPRAGE and MEF as function of the segmentation atlas used for the MEF data (MEF: MEF atlas, MEF_MP: MPRAGE atlas). Volume differences (blue) and limits of agreement (red), are shown for each structure (left hemisphere: cross symbol, right hemisphere: circle symbol) with their respective 95% confidence interval. For all structures the atlas used to segment the MEF data (MPRAGE or MEF) did not significantly affect the mean volume difference (bias) between the two sequences. For hippocampus, amygdala, caudate, pallidum and thalamus the bias between MPRAGE and MEF derivedvolumes was not significantly different than zero. For putamen, lateral ventricles, inferior lateral ventricles and intracranial volumes the mean volume difference was significantly different than zero (p b 0.05), indicating that a bias correction would be necessary if volumes from these two sequences are to be used in a single analyses. The across-session repeatability results show that the test-retest reproducibility of MPRAGE and MEF (regardless of segmentation atlas) are comparable.
MRI system upgrade effects on subcortical volume reproducibility
One goal of this study was to evaluate whether the reproducibility of volumes can change significantly as consequence of a major MRI system upgrade. Fig. 7 shows MRI system upgrade effects (Siemens Sonata-Avanto, 1.5 T, dataset 2, n = 5 subjects) on volume reproducibility when the volumes are derived from within-session averaged MPRAGE scans and reproducibility is evaluated: before upgrade across sessions (Sonata test-retest: StSrt), across upgrade sessions (Sonata Fig. 4 . Effects of scan session (within, across), data averaging and B1 inhomogeneity corrections in volume reproducibility in the younger group (MPRAGE acquisitions, Siemens Sonata, n = 5). Bland-Altman results of mean volume difference (blue) and limits of agreement (red) for both brain hemispheres (left: crosses, right: circles) are shown with their respective 95% confidence intervals for the various repeatability conditions: test session, (1: variability across the two acquisitions); retest session (2: variability across the two acquisitions); single acquisition data mixed from the test-retest sessions (3: first test with first retest acquisitions; 4: second test with second retest acquisitions); average scans from each session (5: two test scans averaged with two retest scans averaged) and average B1 corrected scans (6: two B1 corrected test scans averaged with two B1 corrected retest scans averaged).
test vs. Avanto test, StAt, Sonata retest vs. Avanto retest, SrtArt) and after upgrade across sessions (Avanto test-retest, ArArt). Other combinations across upgrade were evaluated giving similar results. In Fig. 7 we plot the Bland-Altman results of mean volume difference (blue) and limits of agreement (2 SD, red) for both brain hemispheres (left: crosses, right: circles) are shown with their respective 95% confidence intervals (error bars) for the various repeatability conditions. We found that in terms of mean volume differences (blue), brain hemispheres behave similarly and with no significant reproducibility changes across conditions (p b 0.05). We find that for most structures neither the mean volume difference nor its variance changes significantly between the pre-upgrade and the across-upgrade conditions. For some structures there is a reduction in the variance of the volume differences post-upgrade (caudate and thalamus).
A similar analysis was done for the TrioTIM Trio upgrade (dataset 3, young group, n = 5, Supplementary Fig. 3 ). We found that for most structures the variance of the mean volume differences did not change across conditions. For some structures (lateral ventricles, intracranial) there was a significant reduction of the variance of the reproducibility in the post-upgrade condition. For several structures there was a small bias in the mean volume difference in the across-upgrade conditions (caudate, putamen, pallidum).
Overall, within the limitations of these small datasets, the results suggest that when mixing subcortical, ventricular and intracranial volumes derived from data acquired across a major scanner upgrade, the variance does not significantly change but some structures may show a slight bias.
MRI system vendor and field strength effects on subcortical volume reproducibility One goal of this study was to compare within-scanner acrosssession reproducibility (1.5 T Siemens Sonata), with the reproducibility obtained in the following conditions of mixed MRI systems (always two-averaged MPRAGE acquisitions from the same session): different scanner vendors at the same field strength (1.5 T, Siemens Sonata-GE Signa), different field strengths same vendor (Siemens, 1.5 T Sonata-3 T Trio), different field strength and vendor (1.5 T GE Signa-3 T Siemens Trio). Fig. 8 shows the Bland-Altman agreement results of the SonataTrio condition, showing volume difference vs. volume mean (group of older subjects, n = 15). For each brain hemisphere (left: red crosses, right: blue circles) the mean volume difference (solid horizontal line) and the limits of agreement (±2 standard deviations, interrupted horizontal lines) are shown. For reference, zero volume difference is shown as a black dotted line. Green lines show the linear regression fits for each brain structure (grouping data from both hemispheres). Some structures have a non zero bias in the mean volume difference (hippocampus, amygdala, pallidum, thalamus, lateral ventricles, where the absolute value of the mean difference volume is larger than one standard deviation of the volume differences). In the other structures the bias is within one standard deviation from zero (caudate, putamen, inferior lateral ventricles, intracranial). Most structures show a constant bias across the range of volume measurements (regression slope less than 0.1), except for the amygdala and pallidum (regression slopes −0.129± 0.003 and −0526± 0.002, respectively). The results for the comparison Sonata-Signa and Signa-Trio give similar results ( Supplementary Figs. 4 and 5, respectively) . Fig. 9 summarizes the Bland-Altman results of mean volume difference (blue) and limits of agreement (two standard deviations, red) for the conditions of interest: Sonata-Sonata (Son_Son), SonataSigna (Son_Sig), Sonata-Trio (Son_Tri) and Signa-Trio (Sig_Tri). Data is shown for both brain hemispheres (left: crosses, right: circles). Error bars represent the 95% confidence interval. Overall the results show that when combining data of different vendors and/or field strength the standard deviation of the volume differences does not significantly change across conditions relative to the test-retest reproducibility within a fixed MRI system, but the mean volume difference bias does change. These sign and magnitude change of the bias is not systematic; it depends on the specific brain structure and on the MRI vendor-field strength condition. For example, some structures (amygdala and thalamus) show negligible bias in comparisons within the same field (Sonata-Sonata and Sonata-Signa), but significant bias when combining 1.5 T with 3 T data (Sonata-Trio and Signa-Trio). For other structures (hippocampus and lateral ventricles) the Sonata-Sonata and Signa-Trio conditions give comparable biases, with larger bias effects in the other two conditions (Sonata-Signa and Sonata-Trio).
Power analyses
One goal of this study was to use the test-retest variance of hippocampal volume measures to estimate the sample size that would allow detection of a difference between an untreated group of Alzheimer's patients (4.90%/year reduction) vs. an hypothetically treated group with half that atrophy rate (2.45%/year) to characterize treatment effects (Jack et al., 2003) . In the older group of subjects (dataset 1, n = 15) we found that the standard deviation of the hemispheric hippocampal volume measurement error (test-retest within the same scanner across sessions) was approximately 3.5%, with mean hemispheric volume of 3400 mm 3 ( Table 2 ). The variability error of this structure was not different in the comparisons across field or platforms. This gives a sample size of 36 subjects in each treatment arm to detect a difference in hippocampal volume decrease rate of 2.45%/year (90% power, 5% significance).
Spatial reproducibility
One goal of this study was to evaluate the spatial reproducibility of segmentation labels derived from data acquired in separate testretest sessions, either with simple repetitions of exactly the same protocol (Sonata MPRAGE), or changing sequence (Sonata system, MPRAGE and MEF), or changing MR vendor (1.5 T MPRAGE, Siemens Sonata and GE Signa) or changing field strength (Siemens MPRAGE: 1.5 T Sonata and 3 T Trio). The group-wise mean and standard deviation of the Dice coefficients are shown in Table 3 for seven individual structures and the average of all structures. There were no significant differences between the Dice coefficients computed in the different conditions, indicating that the spatial reproducibility was as good (0.88 in average for all structures) as for the case in which data is acquired from the same MR system and sequence.
Discussion
In this paper, we show that human subcortical volume estimates derived from brain structural MRI data are remarkably reproducible for a variety of data acquisition and analysis factors when using the publicly available FreeSurfer automated segmentation tool. Specifically, using a group of healthy older (mean age 69.5 years, n = 15) and two different groups of young subjects (n = 5 for both, mean ages 34 and 36.5 years) we examined how the volume test-retest reproducibility of hippocampus, thalamus, caudate, putamen, pallidum, amygdala, ventricular and intracranial structures are affected by scan session, structural MRI acquisition sequence, data pre-processing, subcortical segmentation analyses, major MRI system upgrades, vendor and field effects. We identified a number of factors that contribute little to within-or across-session variability, and other factors that contribute potentially important variability to within-and across-session variability.
The segmentation errors reported in this work represent the best estimate we can give for the error of the method under the reported measurement conditions. The main factors that introduce errors in the final segmentation results are image quality factors (signal-to-noise ratio and contrast-to-noise ratio) and brain anatomical variability relative to the probabilistic atlas. These factors are intermingled. Realistic brain anatomical simulations with pre-defined characteristics for subcortical structures and their spatial arrangements could be attempted to separate the contribution of segmentation errors from image quality and segmentation atlas factors. These issues are important but are beyond the scope of this manuscript. The closest to a ground-truth that can be currently used to assess the accuracy of the FreeSurfer segmentation method is the comparison with manual segmentations by a neuroanatomist, as validated in Fischl et al. (2002) .
The segmentation results (Table 2) are comparable with previously reported results (The Internet Brain Volume Database, http:// www.cma.mgh.harvard.edu/ibvd/). For most structures, there's a fairly wide range of estimates of normal volume, and ours are within the typical range.
We expect the best possible volume reproducibility from data acquired within the same scanning session using identical acquisition sequences. For both the old and the young groups we find that withinsession reproducibility was comparable to across session reproducibility when data was acquired with the same MRI system. For the hippocampus, thalamus, caudate, putamen, lateral ventricles and intracranial volumes, reproducibility error across sessions in the same scanner were less than 4.3% in the older group and less than 2.3% in the young group. This difference is most likely due to the fact that older subjects tend to move more during scans, hence giving suboptimal image quality (gray-white matter contrast to noise ratio) relative to the younger subjects. Smaller structures (pallidum, amygdala and inferior lateral ventricles) gave higher reproducibility errors (under 10.2% for the old group and under 10.4% for the young group). The reproducibility error is derived as (100 ⁎ SD / MEAN) where SD is the standard deviation of the test-retest volume differences and MEAN is the mean volume within the group. For small structures MEAN decreases and therefore for a similar or worse SD the reproducibility error increases. The result that the reproducibility of the young and older group becomes more similar for smaller volumes indicates that the size effect (MEAN volume) in the reproducibility dominates the SD differences between groups.
Having an adequate number of subjects is very important to minimize biases in the results, yet it can be challenging for reproducibility studies like the one described here because of the significant cost in scanner time usage. Each subject in each of the three datasets (dataset 1: 15 subjects, dataset 2: 5 subjects, dataset 3: 5 subjects) was scanned in four different 1-hour sessions, so the effective 'hourly costs' were 60, 20 and 20 for datasets 1, 2 and 3, respectively. The acquisition of the scanner upgrade data (datasets 2 and 3) has additional practical challenges: scans have to be acquired within a short time before/after the upgrade. In particular right before an upgrade scanner availability tends to be lower than normal because of the need that many projects have for completing acquisitions before the upgrade. For this reason datasets 2 and 3 resulted with fewer subjects, with gender biases that were hard to avoid. The Jacknife bias analysis indicated that the number of subjects used in the older dataset gave a relatively low mean proportional bias across the structures investigated (1.8%), whereas the same value was substantially higher for the young group (46%). This indicates that the results derived from the young groups (scanner upgrade effects and B1 inhomogeneity correction effects) should be considered as preliminary and in need for further validation with a larger dataset.
In agreement with results obtained in a cortical thickness reproducibility study , we found that averaging two acquisitions made relatively minor contributions to improvement in the reproducibility of subcortical volumes. The acquisition of two MPRAGE volumes is still recommended mainly for practical reasons. If both scans are good they can either be averaged or the best quality scan selected for the segmentation. If one volume is bad (e.g. due to motion artifacts) then the other can still be used for segmentation without averaging. Furthermore, the data acquired and analyzed in this study were collected under ideal circumstances, with cooperative volunteer participants and highly skilled scanner operators, and both of these factors may reduce the apparent added value of averaging multiple acquisitions. In addition, as the signal-to-noise ratio of a single acquisition diminishes (e.g., with parallel acquisition acceleration protocols), the added value of volumes averaged from multiple acquisitions may increase.
In the small sample of young subjects we found that the B1 inhomogeneity correction method tested did not significantly improve volume reproducibility, suggesting that the extra calibration-related scans and inhomogeneity correction pre-processing step can be avoided when only data acquired with the same MRI system will be considered. Further, the standard automated FreeSurfer segmentation includes an intensity normalization step (non-parametric non-uniform intensity normalization, N3), so our results suggest that the effects of the N3 correction are stronger than the corrections introduced by our B1 corrections. We did not have data to evaluate whether B1 correction improves reproducibility across MRI system vendors or field strength, but will be critical for large N phased arrays or small coils in general.
The choice of imaging sequence (MPRAGE or multi-echo FLASH) with the corresponding brain atlas used for the automated segmentation analyses did not show significant differences in volume repeatability. This suggests that the segmentation algorithm is robust across a variety of similar image contrast properties, thus alleviating the need to create manually labeled probabilistic atlases for different acquisition methods, consistent with recent work (Han and Fischl, 2007) . The comparison between subcortical volumes derived from MPRAGE and MEF sequences showed that for some structures (putamen, lateral ventricles, inferior lateral ventricles, and intracranial) there were significant biases in the mean volume difference given by the two methods. These differences may be due to the differential sensitivity (acquisition bandwidth) that the sequences have to signal T2⁎ (signal loss, geometric distortions). The MPRAGE sequence has the advantage of being currently more standard than multi-echo FLASH, thus it is easier to implement it consistently in multi-center studies. It is also important to recognize that the MPRAGE and multi-echo FLASH sequences have very similar contrast properties, which may not apply to T1 sequences with different contrast properties (e.g., SPGR) or non T1 sequences.
Within the limits of our small sample size we find that in major MRI system upgrades (Sonata-Avanto and Trio-TrioTIM) combining preand post-upgrade data does not significantly worsen the variance but may introduce a bias in the mean volume differences. Combining this with our segmentation atlas results suggests that it is safe to use the same brain atlas after a system upgrade, which is very convenient. For longitudinal studies we believe that it is appropriate to plan a system upgrade calibration study as part of the design, particularly with samples from the population under study scanned shortly prior to and immediately after the upgrade for a correct estimation of potential biases. An important practical issue is to know about the upgrade sufficiently far in advance to plan for the calibration study, optimally complete the study prior to the upgrade. If the longitudinal study will continue after the upgrade it should ideally be balanced across relevant study groups with respect to number of acquisitions before and after the upgrade, since subtle effects of interest in longitudinal studies may in fact be within the small range of variance identified in this study (e.g., hippocampal volume differences of 2-5%).
We found that when data from different MRI systems are combined (same field different vendors, same vendor different fields, or different vendor and fields) then the variance of the volume differences doesn't significantly change relative to the test-retest reproducibility from data acquired in a fixed MRI system, but biases of the mean volume differences may become significant. All data were segmented using an atlas from a single MRI system suggesting that image contrast differences arising from differences in hardware and field strength were strong enough to be detected by the segmentation algorithm. The spatial reproducibility results showed constant and high spatial consistency of the segmentation volumes (average Dice coefficient of 0.88 ± 0.04) for a variety of test-retest conditions, ranging from no MR system and sequence changes to changes of system, sequence or field strength. The spatial overlap results are also in good agreement with a previous study (Han and Fischl, 2007 ) that compared Siemens Sonata segmentations of the same structures with manual segmentations, suggesting that both spatial accuracy and reproducibility and accuracy are high.
One extension of this work would be to test if reproducibility differences across MRI platforms can be reduced by doing the subcortical segmentations with a probabilistic atlas that is constructed from manual segmentations of data acquired with the various MRI systems under consideration. Alternatively, statistical models could be used given that they have been proved successful in combining data that are sufficiently different in acquisition sequence to fail pooling Fig. 9 . Effects of scanner vendor and field strength on volume reproducibility (across-session, each session with a two-averaged MPRAGE, older group, n = 15). Bland-Altman results of mean volume difference (blue) and limits of agreement (red) for both brain hemispheres (left: crosses, right: circles) are shown with their respective 95% confidence intervals for the following conditions: same MRI system (Sonata-Sonata, Son_Son), same field different vendor (Sonata-Signa, Son_Sig), same vendor different field (Sonata-Trio, Son_Tri) and different vendor and field (Signa-Trio, Sig_Trio). Black dotted lines connect the volume differences and the limits of agreement across conditions.
Table 3
Comparison of average test-retest volume overlap (Dice coefficients) of segmented structures in a group of subjects (n = 15, mean age 69.5) scanned on separate sessions under various conditions: same scanner and sequence (Sonata MPRAGE), same scanner but different sequences (MPRAGE and MEF), same field/sequence (1.5 T/MPRAGE) but different scanner vendors (Siemens Sonata and GE Signa), and same vendor/sequence (Siemens/MPRAGE) different field strengths (1. straight out (Fennema-Notestine et al., 2007) . Further, our crossvendor comparison (Siemens Sonata MPRAGE-GE Signa MPRAGE) did not include potentially significant sources of variation found when each vendor uses its own product sequence, which can lead to image contrast differences. Therefore our results might underestimate the variance seen with cross vendor switches that introduce strong sequence changes, as may occur in practice. The fact that the rest-retest reproducibility variance of the segmented volumes does not significantly change across platforms and field strengths (particularly in the hippocampus) implies that a multi-center study with these MRI systems does not necessarily require a much larger sample dataset to detect a specific effect. Of course, this is under ideal circumstances with highly motivated cognitively intact older adults. These conclusions may not generalize to other brain structures or to patient populations with cognitive impairment if there are any reductions in raw data quality related to movement or other issues. Our power calculations for detecting a net 2.45% hippocampal volume reduction rate difference between hypothetical non-treated and treated AD groups resulted in an estimate of 49 subjects per group, which was not appreciably worsened by scanner upgrades or differences in scanner platform or field strength. These results differ from previous calculations (Jack et al., 2003) which estimate, for the same treatment effect, 21 subjects per treatment arm with a 2.1% standard deviation. The differences may be due to the fact that Jack et al. used various data adjustments that were not applied in our analysis, including normalization for total intracranial volume, adjustments for age and gender and corrections for skew data distributions. These adjustments might help reduce the reproducibility error thereby reducing the sample size.
In addition to their volume, subcortical structures have started to be characterized also by their 3D shapes (Munn et al., 2007; Wang et al., 2007; Patenaude et al., 2006; Miller, 2004) . Combining both volume and shape metrics might improve the power of detecting cross-sectional differences across populations or longitudinal changes. An important extension of the reproducibility study here presented would be to examine the reproducibility of shape metrics. An important limitation of this study is the lack of quantification of spatial differences in voxel labeling; that is, different voxels may be labeled as the same structure in two different sessions, but if the volumes do not differ, our analyses would not demonstrate this potentially important variance effect.
Knowledge of the degree to which different MRI instrumentrelated factors affect the reliability of metrics that characterize subcortical structures is essential for the interpretation of these measures in basic and clinical neuroscience studies. Furthermore, the knowledge of reproducibility is critical if these metrics are to find applications as biomarkers in clinical trials of putative treatments for neurodegenerative or other neuropsychiatric diseases, particularly with the growth of large sample multi-center studies (Jack et al., 2003; Mueller et al., 2005; Murphy et al., 2006; Belmonte et al., 2008) .
To conclude, our results suggest that, for the purpose of designing morphometric longitudinal studies at a single site, one structural MPRAGE acquisition segmented with the corresponding MPRAGE atlas can be optimal. Subcortical volumes derived from T1-weighted structural imaging data acquired at a single 1.5 T site are reliable measures that can be pooled even if there are differences in image acquisition sequence and major system upgrades. However, MRIinstrument specific factors should be considered when combining data from different MRI systems (vendors and/or fields). It should be noted that we do not report a random effects study, therefore the results should not be extrapolated to pulse sequences or scanners not included in this study.
